Abstract. This paper is concerned with the application of boundary integral equation method to the electromagnetic scattering of a perfect conductor in the three dimensional space. A collocation method is employed for the Magnetic Field Integral Equation (MFIE) and error estimates are derived. Far-eld patterns and radar cross sections are computed for various wave numbers in the case of sphere. Numerical experiments are compared to those ontained from the Mie series method in order to verify the predicted theoretical results.
Introduction. Boundary integral equation methods have played a major role
in the numerical solution of Maxwell's equations for over three decades. The exact formulation of the boundary integral equations for the physical problems in exterior domains is especially suitable for electromagnetic scattering. Compared to the classical Mie series method, it allows more exible geometry of the obstacles and a variety of incident waves.
While tremendous strides have been taken over the years, many problems remain intractable due to the large size of the scattering objects and the oscillation of the kernels in the integral equations. One of these problems concerns the accuracy of approximate solutions. In a recent series of papers ( 5] Very little rigorous analysis for electromagnetic scattering in three dimensions is available. We only know of the method of residual analysis in Sobolev spaces 9] and covolume schemes for time dependent Maxwell's equations 12], 13]. Our goal in this paper is to provide a rigorous proof of convergence in terms of mesh sizes for the Magnetic Field Integral Equations (MFIE) applied to the electromagnetic scattering of a perfect conductor in three dimensional space. The corresponding analysis for the transmission problems will be given in a subsequent report.
The contents of this paper are as follows: we begin the Section 2 with an integral formulation for electromagnetic scattering of a perfect conductor object. Following that is a section on numerical discretizations of the MFIE. The numerical scheme used is the collocation method. Section 4 contains the main result, an error estimate for the numerical approximation. In the last section, section 5 n E = 0 and n H = 0; where 5 t y denotes the surface divergence. Both (2.13)-(2.14) are vector equations for the unknown surface current n y H(y). The rst kind equation (2.13), the electric eld integral equation (EFIE), involves an integral operator with a Cauchy singularity and a surface divergence while the integral operator in the second knid equation (2.14), the magnetic eld integral equation (MFIE), is no longer Cauchy singular but only weakly singular as shown in 3]. These well known EFIE and MFIE are usually attributed to Maue 14] but known much earlier 15]. In this report, we consider the numerical algorithm for the MFIE (2.14).
Denote the surface current by J := n H, then (2.14) can be rewritten as where L > 0 depends on the curvature l of ? and is bounded since ? is a C 2 surface.
Hence K has a weakly singular kernel. Thus we have the well-known result. The left inequality of (2.17) follows directly from the continuity of K. The right inequality of (2.17) follows from the Banach theorem ( 17] ) since 1 2 I + K is one-toone, onto and continuous. We note that K is compact. Thus uniqueness implies existence by the classical Fredholm alternative. 5 
Discretization of Magnetic Field Integral Equation.
In this section the boundary surface ? of a perfect conductor obstacle is approximated by triangulated meshes. On the resulting meshes, the magnetic eld integral equation (MFIE) (2.15) is discretized. This will lead to a detailed analysis and numerical implementations in the following sections.
Assume that ? is approximated by piecewise planes ? h and the intersection of the half spaces bounded by these planes forms a polyhedron approximation of the obstacle domain ? with all their vertices lying on ?. Assume that ? h is consisted of piecewise triangles parametrized by the maximum side length, which is generically denoted by h, and assume that the aspect ratio of radii of circumsribing circles and inscribed circles of all the individual triangle patches are bounded above and below as h approaches 0. It follows from analysis in Appendix A that these triangulation meshes ? h approximates ? in the order of h if ? is twice continously di erentiable. From this some important properties of the integral operator on ? are preserved on ? h , which is the key to the results which follow. We will illustrate this in detail in next section.
The N patches of the triangulated meshes are assumed to be numbered sequentially in some convienient way and the individual patch is denoted by n . The centroid and the diameter of nth patch are denoted by x n and h n , respectively. We also denote the area of nth patch by s n . In I C 3N , we introduce the inner product ( ; ) W de ned by where in (3.1) ( ; ) is the inner product in I C 3 . The inner product and norm thus de ned are associated with the discrete L 2 inner product and norm on ? h .
To discretize (2.15) on ? h , we approximate the surface current J(x) = n(x) H(x) by piecewise constant functionJ, which takes a complex vector J m in mth triangle patch, and evalute both sides of (2.15) at x k , k = 1; ; N: The resulting collocation scheme is as follows 1 2 Collecting all these and applying dominant convergence theorem twice, we conclude that for any > 0, there exists h 1 such that when h < h 1 The unique solvability of (3.3) now follows from Theorem 3.1, since the homogeneous system has only the trivial solution.
4. Error Estimate. In this section an error estimate will be given for the collocation scheme (3.3). We will show that the error under the appropriate norm is of the rst order in the mesh size h. The theorem and (4.5) is then followed by (3.5) in Theorem 3.1.
5. Numerical Results. In this section we describe the implementation and the numerical results of the collocation algorithm in previous sections for solving the surface current n H from the boundary integral equation (2.15 It can be shown ( 1] ) that S 1 ( ) and S 2 ( ) are independent of the angle . In the numerical experiment S m ( ), m = 1; 2, are computed at 39 di rent angles l = l =180, l = 1; ; 38. The results in Table 1 show that the errors decrease in the average order O(h 2 ) as the meshes get re nement each time. We also present here the three dimensional radar cross section. We recall by de nition that the bistatic radar cross section ( ; ) is de ned by ( 1] It can be shown ( 1] ) that, for an incident magnetic eld of unit magnetic eld, the Figures 12-15 are the corresponding plots of ( ; ) for k = 2 when the iteration n = 1; 2; 3 are used.
